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ABSTRACT

The adult central nervous system (CNS) was considered a comparatively static tissue with little cell
turnover. It is now well established that there is more plasticity than previously thought and that
astrocytes act as neural stem/precursor cells (NSPCs) in the subventricular zone (SVZ). The discovery
that these NSPCs can give rise to a limited number of new neurons, reactive astrocytes and
oligodendrocytes contributing to brain repair in CNS disease, has raised hopes toward harnessing
these cells for therapeutic interventions. Here, we will discuss the transcriptional control of adult
NSPC differentiation into astrocytes in CNS disease focusing on the helix-loop-helix transcription
factor protein family. In our recent study, we reported that elevated BMP-2 levels are translated into
an increase in Id3 expression in adult NSPC subpopulations after cortical injury. Id3 then
heterodimerizes with the basic helix-loop-helix transcription factor E47 and releases the
E47—mediated repression of astrocyte—specific gene expression. Consequently, adult NSPCs
preferentially differentiate into astrocytes. We believe that understanding the in vivo differentiation
potential and the molecular underpinnings of NSPCs in the adult mammalian brain will help us to
evaluate their contributions to brain repair and may lead to new concepts in treating human CNS

ARTICLE HISTORY
Received 11 April 2016
Revised 26 July 2016
Accepted 5 August 2016

KEYWORDS
astrocyte-specific genes;
basic helix-loop-helix
transcription factor; bone
morphogenetic protein; Id
protein; Notch; traumatic
brain injury; vascular damage

diseases.

Introduction

Interest in astrocyte function has increased dramatically
in recent years. In the healthy adult central nervous sys-
tem (CNS), several astrocyte functions are well accepted
and include roles for astrocytes in synapse formation and
function” as well as contributions to blood-brain barrier
(BBB) formation and integrity,” and neurovascular cou-
pling. In addition to their essential functions in the
healthy CNS, astrocytes respond to CNS insults through
a process called astrogliosis. Many aspects of astrocyte
responses to CNS damage and disease have been summa-
rized in excellent reviews.”” Astrocyte activation and scar
formation was mainly associated with exerting inhibitory
effects on several aspects of neuroplasticity and CNS
axon regeneration.® Today, it is evident that astrogliosis
and scar formation also exerts numerous essential benefi-
cial functions that improve functional outcome, including
neuronal protection, BBB repair and restriction of CNS
inflammation.”'® Moreover, the dogma that the astrocyte

scar inhibits CNS regeneration was recently challenged
by demonstrating that scars can facilitate damaged axon
regeneration.'" Nevertheless, understanding the underly-
ing molecular mechanisms of astrogliosis and scar forma-
tion is the fundament for future therapeutic interventions
to promote CNS regeneration.

Recent studies have begun to uncover a marked het-
erogeneity of astrocyte reactions to CNS injury, includ-
ing cell morphology, regionalization and cellular
function.'”""” Beside the heterogeneous response of local,
individual astrocytes to brain injury, a new source of
reactive astrocytes derived from a distant brain region
has been identified. In CNS disease, neural stem/precur-
sor cells (NSPCs) leave their stem cell niche in the sub-
ventricular zone (SVZ) and migrate to the damaged
brain area, where they eventually differentiate into reac-
tive astrocytes that contribute to the glial scar surround-
ing the injury core.'®* However, the molecular
underpinnings and functional significance of adult
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NSPC differentiation into newborn astrocytes in CNS
disease are still poorly known.

Inhibitor of DNA binding (Id) proteins function
as crucial regulators of NSPC fate determination
during development.*"** Id proteins (Id1—4) are
helix-loop-helix (HLH) proteins that act as domi-
nant—negative transcriptional regulators by binding
to basic HLH (bHLH) transcription factors (TFs)
of the E protein (class I bHLH) family (E47, E12,
HEB, and E2—-2). Id proteins lack the basic DNA
binding region, and thus, DNA binding of an E—Id
protein heterodimer is prevented.”> In nonlym-
phoid developmental systems, E proteins have the
ability to bind as heterodimers with class II bHLH
proteins, such as the achaete-scute family (e.g.
Mashl), neurogenin family (Ngnl and Ngn2), and
NeuroD family (NeuroD1) members, which all
have been described to be essential for proper dif-
ferentiation and specification of NSPCs during
embryonic development.**

Id protein expression is triggered rapidly by differ-
ent stimuli, which include TGF—g superfamily

proteins, cytokines, and extracellular matrix pro-
teins.””>*® Thus, Id proteins function as central hubs
in translating changes of the extracellular environ-
ment, as they occur in CNS disease, into cellular
responses. Yet, the implication of the HLH family in
the regulation of the adult NSPC fate in CNS disease
is only poorly described.

HLH protein family expression in adult NSPCs
of the SVZ

NSPCs in the SVZ constitute a heterogeneous cell
population, consisting of B1 stem cells that continu-
ously generate mobile type A neuroblasts via type C
transit amplifying cells.”” High Id1 expression levels
specifically define type Bl cells, the population of
GFAP+ astrocytes with stem cell attributes among the
SVZ astrocytes in the adult brain (Fig. 1A). Id1 expres-
sion then gradually decreases along the subventricular
NSPC lineages, with no expression of Id1 in neuro-
blasts or neurons.’® For Id3, our results show that it is
expressed at basal levels in almost all B1 and C cells
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Figure 1. The role of Id proteins in adult subventricular zone neural stem/precursor cell fate. (A) In the healthy brain, the transcriptional
network is in homeostatic balance to promote neurogenesis throughout adult life. Our results show that in the adult SVZ, 1d3 (light
green) is expressed in almost all B1 and C cells, but only in a small percentage of type A neuroblasts (A cell, white). Id3 expression fur-
ther segregates the Olig2+ C cell population into an Olig2+Id3+ and an Olig2+1d3- population. Furthermore, 1d3 is expressed in
almost all Thbs4+ SVZ-born astrocytes (light green). High Id1 expression levels (orange) specifically define the B1 stem cells and its
expression decreases in C cells (yellow) with no expression in type A neuroblasts (white). The E proteins E47 and E2-2 (brown) and the
class Il bHLH transcription factors Mash1 and Ngn2 (gray) demonstrate regionally defined expression patterns in the SVZ. (B) In the
injured brain, our study reveals that elevated Id3 levels (dark green) in Olig2+ C cells and Thbs4+ SVZ-born astrocytes override the
transcriptional activity of the bHLH transcription factor E47 promoting NSPC differentiation into astrocytes. C, caudal; D, dorsal; LV, lat-
eral ventricle; NSPCs, neural stem/precursor cells; OB, olfactory bulb; R, rostral; RMS, rostral migratory stream; SVZ, subventricular zone;

V, ventral.
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Figure 2. 1d3 is not expressed in DCX+ type A neuroblasts in the RMS. Representative image of uninjured WT mice immunolabeled for
Id3 (green) and DCX (red, marker for type A neuroblasts). Nuclei are stained with DAPI (blue). LV, lateral ventricle; RMS, rostral migratory

stream; SVZ, subventricular zone. Scale bar: 50 pm.

and in only a small percentage of DCX+ neuroblasts
in the SVZ." A recent study showed that the adult
SVZ directly generates a small population of astro-
cytes, which are residing in the niche and are identi-
fied by their high expression of the glycoprotein
thrombospondin 4 (Thbs4)."® In these cells, Id3 is also
expressed at basal levels (Fig. 1A). Migrating DCX+
neuroblasts in the rostral migratory stream (RMS) are
Id3-negative (Fig. 2), suggesting that low Id levels are
mandatory for NSPC differentiation toward the neu-
ronal lineage.

Mash1+ C cells continuously generate mobile neu-
roblasts finally differentiating into interneuron popu-
lations in the olfactory bulb. However, a minor
subpopulation of C cells characterized by expression
of the bHLH TF Olig2 is capable to leave the stem cell
niche and to differentiate into astrocytes and oligo-
dendrocytes.’*> We found that this subpopulation
can be further segregated according to its Id3 expres-
sion into Olig2+Id3+ and Olig2+Id3- NSPCs, sug-
gesting further heterogeneity among the C cell
subpopulation (Fig. 1A). A detailed expression of 1d2
and Id4 in subventricular NSPCs has not been
described yet.

The expression analysis of members of the E pro-
tein family and the class II bHLH TF family in adult
NSPC subpopulations of the SVZ is still incomplete.
Transcriptome analyses of regionally isolated and
purified SVZ-derived NSPCs revealed E protein E2-2
to be enriched in the dorsal SVZ with a suggested role
in the control of NSPC proliferation and specification

(Fig. 1A).>> The role of HEB in adult NSPCs is not
known, but mRNA expression was detected in the
dorsal SVZ.**

Our study revealed that E47 is expressed in vari-
ous NSPC subpopulations at the lateral SVZ. Inter-
estingly, B1 stem cells show the lowest percentage of
E47+ cells (15%) and Thbs4+ newborn astrocytes in
the SVZ show the highest percentage of E474 cells
(90%). As only a small percentage of Bl stem cells
express E47, Id proteins might have different func-
tions in these cells independent of their role as domi-
nant—negative of E
proteins. The E protein interaction partner Mashl is
mainly expressed in mitotic C cells and is required
for the generation of both neurons and oligodendro-
cytes,” while expression of Ngn2 and NeuroD1 in

Mashl+ precursors directs their differentiation into
36,37

transcriptional  regulators

olfactory bulb interneurons in the healthy brain.
Although we found equally distributed Id3 expression
in the SVZ along the dorsoventral and anteroposte-
rior axes in healthy animals, E proteins and pro-neu-
rogenic bHLH TFs demonstrate overlapping, but
generally discrete and transient expression patterns
(Fig. 1A),77>%% suggesting spatially restricted tran-
scriptional programs in the SVZ governing variance
of NSPC progeny. Until now, Id protein expression
in the human SVZ has not been examined, but their
role as transcriptional regulators in cancer stem cell
identity, such as in glioma stem cells, is evident.*’
Recent literature examined the contribution of
SVZ-derived NSPCs to tissue repair in different CNS
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diseases and showed that, depending on the molecular
identity of the NSPCs, these SVZ-derived NSPCs can
differentiate into neurons, oligodendrocytes and astro-
cytes (Fig. 1B)."*2%*1*2 Interestingly, our data showed
that upon cortical injury, Id3 was upregulated rapidly
in Thbs4+ newborn astrocytes and Olig2+ C cells in
the SVZ. The 1d3 expression persisted in these SVZ-
derived cells, which migrated toward the lesion area
and differentiated into astrocytes (Fig. 1B). Glil+
NSPCs and also Olig2+ C cells are capable to differen-
tiate into oligodendrocytes.>*' While we did not
investigate Id3 expression in the Glil+ cell popula-
tion, we showed that the Olig2+Id3+ C cell popula-
tion differentiates into astrocytes and we assume that
the Olig2+Id3- cell population might be the source
for oligodendrocyte differentiation (Fig. 1B). Interest-
ingly, SVZ-derived NSPCs that differentiate into
migrating DCX+ neuroblasts in the RMS do not
express Id3 in the healthy brain (Fig. 2). It would be
interesting to examine whether SVZ-derived NSPCs
that migrate to the injured brain area and differentiate
into newborn neurons are Id3-negative and if Id3
depletion is mandatory for increased neurogenesis in
the injured lesion area. Overall, these data suggest that
elevated levels of Id3 expression direct NSPC subpop-
ulation toward astrocytes.

A role for E proteins and their pro-neurogenic part-
ners of the class I bHLH TF family in adult NSPC dif-
ferentiation into astrocytes after brain injury has not
been characterized, yet. However, few studies provide
strong evidence for an implication of bHLH TFs in
the transcriptional control of SVZ NSPC fate contrib-
uting to brain repair in CNS disease. Either bHLH TF
overexpression or functional abrogation suggests to be
sufficient to direct cell fate. In this context, Mash1 and
Olig2 are driving NSPC fate conversion toward the
neuronal or oligodendrocyte lineage, respectively in
the healthy and the injured brain.*>***>*

We identified the E protein E47 as a repressor of
adult NSPC differentiation into astrocytes. We
showed that E47 repressed a subset of astrocyte-spe-
cific genes by direct binding to regulatory regions of
these genes in E47-overexpressing primary NSPCs
and by genetic depletion of E47, which resulted in
increased adult NSPC differentiation into astrocytes.
Immunolabeling with an E47-detecting antibody
revealed that E47 expression in NSPC subpopulations
of the SVZ was not significantly altered after cortical
injury compared to uninjured mice. Therefore,

bHLH TFs regulate different stages of NSPC differen-
tiation. However, their transcriptional activity can be
overridden by temporally elevated Id expression in
CNS disease.

Potential molecular mechanisms of adult NSPC
differentiation into astrocytes in CNS disease

Unlike pro-neurogenic bHLH TFs, such as Mashl,
Ngn2, and NeuroD, pro-astrogenic bHLH TFs have
currently not been identified. Our data suggest that in
the heathy brain E47 represses a subset of astrocyte-
specific genes allowing the continuous lineage pro-
gression of NSPCs into newborn neurons in the olfac-
tory bulb. After cortical injury, elevated BMP-2 levels
are translated into an increase in Id3 expression in
specific NSPC subpopulations. In these cells, Id3 het-
erodimerizes with E47 and prevents E47-mediated
repression of astrocyte-specific genes, such as the
astrocyte marker GFAP and the solute carrier family
member GLAST. Consequently, the NSPCs with ele-
vated 1d3 levels preferentially differentiate into astro-
cytes (Fig. 3A).

Transient expression of pro-neurogenic bHLH TFs,
as well as the variable accessibility to astrocyte loci
due to epigenetic modifications during develop-
ment*>*® suggest further complexity of the molecular
mechanisms governing adult NSPC fate in CNS dis-
ease. Although epigenetic mechanisms have already
been described to play a critical role in stemness and
lineage specification in the adult SVZ in the healthy
brain, information about epigenetic modifiers of
NSPC fate determination in CNS disease are still lack-
ing.*” Investigations on embryonic NSPC differentia-
tion into astrocytes have mainly focused on the
transcriptional regulation of the GFAP promoter.
Here, the timed expression of the pro-neurogenic
bHLH TF Ngnl is suggested to determine the cell fate
switch between neurogenesis and astrogenesis.*®
Mechanistically, Ngnl promotes neuronal differentia-
tion and simultaneously inhibits astrogenesis by occu-
pying the CBP/p300 cofactor complex, which
synergistically bridges the STAT and Smad signaling
pathways important for inducing astrogenesis. In the
presence of Ngnl, BMP stimulation is thought to pro-
mote the association of the cofactor-pSmad complex
with Ngnl to induce neurogenesis, thus converting
the BMP signal from a glial-inducing cue to a neuro-
nal-inducing cue. In the absence of Ngnl, the
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Figure 3. Proposed models of transcriptional regulation of NSPC differentiation into astrocytes. (A) After traumatic brain injury, elevated
BMP-2 levels in the SVZ are translated into an increase in Id3 expression. Id3 then heterodimerizes with E47 and prevents the E47-medi-
ated repression of astrocyte-specfic genes GFAP and GLAST. (B) During embryogenesis, pro-neurogenic Ngn1 inhibits astrogenesis by
preventing STAT phosphorylation and occupying the CBP/p300 cofactor complex (gray shadow), the latter synergistically bridging the
STAT and Smad signaling pathways. When neurogenesis is completed, Ngn1 is downregulated and in the absence of Ngn1, pSTAT
recruits the CBP/p300-pSmad complex to the promoter to activate GFAP gene expression. (C) Focal stroke increases the number of
Thbs4+ SVZ-born astrocytes. Thbs4 binds directly to the Notch1 receptor activating Notch signaling and expression of the Nfia tran-
scription factor important for astrocyte differentiation. (D) During embryogenesis, Notch effector Hes1 associates with JAK2 and STAT to
facilitate JAK-STAT complex formation, thus promoting STAT phosphorylation and astrocyte gene expression. BMPR, BMP receptor; LIFR,

LIF receptor; NICD, Notch intracellular domain.

cofactor-pSmad complex can be recruited to the GFAP
gene via pSTAT, thereby permitting gene expression
and differentiation into astrocytes (Fig. 3B). As we
detected binding of E47 to an E-Box in the GFAP pro-
moter, E47 might also actively repress the expression
of the GFAP gene during embryogenesis in addition
to the function of the pro-neurogenic Ngnl as a scav-
enger of cofactors. Furthermore, expression of Ngnl
in Mash1+ C cells in the adult SVZ might direct these
cells toward the neuronal lineage beside the inhibitory
astrocyte differentiation function of E47.

Beside the transcriptional control of bHLH TFs,
Notch signaling has important implications in
NSPC fate determination. After photothrombotic
cortical injury, the number of newborn astrocytes
in the SVZ increases. These cells are characterized
by their high expression levels of Thbs4, which is
an adhesive glycoprotein that mediates cell-to-cell
and cell-to-matrix interactions.'® These SVZ-new-
born Thbs4+ astrocytes respond to injury and are

capable to migrate long distances to the lesion area.
Here, Thbs4 has been shown to bind to the Notchl
receptor and subsequent pathway activation leads
to increased expression of the transcription factor
Nfia important for further astrocyte differentiation
(Fig. 3C). Interestingly, we also found elevated 1d3
levels in these Thbs4+ astrocytes after cortical
injury, which might probably further sustain astro-
cyte identity and function. However, although
Notch activity and the Id3-E47 axis share the regu-
lation of astrocyte genes, they modulate different
target genes, such as the solute carrier family and
Nfia. In addition, our microarray gene expression
analyses revealed that Cadherin 20, Mmpl4, EGFR
and FGFR3 were down-regulated in BMP-treated
1d3—/— NSPCs," all genes potentially involved in
migration. Therefore, variable combination of
active pathways regulating astrocyte differentiation
could ultimately specify distinct astrocyte subtypes

with different functions for brain repair.
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During embryonic development, the Notch effector
Hesl has been demonstrated to facilitate STAT activa-
tion by binding to STAT and JAK2, ultimately pro-
moting astrocyte differentiation (Fig. 3D).* In the
adult SVZ, Hesl and Hes5 expression is limited to the
Bl cells.”™*" Furthermore, Notch signaling is thought
to specifically promote the proliferation and mainte-
nance of the activated Bl cell pool.>
would be intriguing to know, whether Notch signaling
is extended to other SVZ NSPC subpopulations under
pathologic conditions, such as the Olig2+ C cells, and

However, it

whether Hes and Id proteins exert synergistic or dif-
ferent functionality in NSPC differentiation into astro-
cytes in CNS disease.

Conclusion

Lineage plasticity and heterogeneity of adult NSPCs of
the SVZ in CNS disease has important implications
for the development of cell replacement strategies.
However, we still do not know much about the extra-
cellular cues, the fine-tuned transcriptional network,
and the regional molecular identity of NSPC subpopu-
lations in the SVZ stem cell niche that determine SVZ-
derived newborn astrocyte morphology and function
in CNS disease.

Our findings revealed that the bHLH TF E47 acts
as a repressor of NSPC differentiation into astro-
cytes and that under pathological conditions, BMP-
2-induced high Id3 expression in a subset of NSPCs
captures E47 releasing its repression of astrocyte-
specific gene transcription and directing the SVZ-
derived NSPCs toward the lesion area and astrocyte
differentiation. We propose that the altered NSPC
environment upon cortical injury is a key event in
directing NSPC differentiation® and that rapid and
robust upregulation of Id3 acts as the central player
for overriding NSPC intrinsic programming result-
ing in NSPC differentiation into astrocytes. Cyto-
kines of the TGF-B superfamily, which regulate the
Id abundance, have been described to be elevated in
lesion areas of mouse models for CNS disease and
in human CNS pathologies.”*>” Future studies will
show whether human CNS diseases alter the SVZ
stem cell environment and regulate Id3 levels to
direct NSPC differentiation into astrocytes.

An emerging concept is to control NSPC fate and
functions tailored to the different pathological condi-
tions at the site of tissue damage for CNS repair.”®

Distinct transcriptional programs of NSPCs within
regionally separated SVZ microdomains offer a high
variability of NSPC responses in a disease-specific
context, which can be further modulated by rapid
changes of transcriptional regulators, such as by the Id
protein family. Thus, a targeted therapy against spe-
cific Id proteins to modulate adult NSPC identity
could be a beneficial therapeutic intervention for brain
repair in the future.

In summary, understanding the in vivo differentia-
tion potential and the molecular underpinnings of
neural and glial precursor cells in the embryonic and
adult mammalian brain will help us to evaluate their
contributions to neural repair and may lead to new
concepts in treating human CNS diseases.
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